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Rachel Green
Recent results from cryo-electron microscopy have
shown that substantial structural rearrangements in both
elongation factor EF-G and the ribosome occur during
tRNA translocation. The observed sites of interaction
between EF-G and the ribosome are consistent with
molecular mimicry models for EF-G function.
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In an intricate and precise molecular dance, the ribosome
translates the genetic information in the cell into the
encoded polypeptides. Peptide-bond formation takes
place on the large subunit of the ribosome (50S in
bacteria), and the decoding of the genetic information
through codon–anticodon interactions takes place on the
small subunit (30S). The integration of these events
occurs at the ribosomal subunit interface, where the tRNA
substrates bind and act. The ‘hybrid states’ model of
translation describes the independent movement of the
tRNA substrates with respect to the two subunits of the
ribosome [1]. Movement of the acceptor end of the tRNAs
— where the amino acid or growing peptide is attached —
with respect to the large subunit is coordinated with
peptide-bond formation, and movement of the anticodon
end of the tRNAs and the associated mRNA with respect
to the small subunit is promoted by the elongation factor
EF-G in a step known as translocation (Figure 1). Both
steps are coordinated with the cleavage of a high energy
bond: the aminoacyl ester bond of a charged tRNA and
the phosphoanhydride linkage of GTP, respectively.
How the ribosome ratchets its massive tRNA substrates
through the interface cavity is a fascinating problem.
Translocation in the ribosome occurs spontaneously at
some very low rate in the absence of exogenous EF-G and
GTP hydrolysis [2]. EF-G acts as a catalyst to increase the
basal rate of translocation. The mechanism of transloca-
tion is thus dictated by ribosomal structure and motion.
EF-G (and EF-G:GDP) itself is remarkably similar in
structure to the EF-Tu:GTP:tRNA ternary complex
which is responsible for loading tRNA substrates into the
A site of the ribosome (Figure 2) [3]. Domain IV of EF-G
is a mimic of the anticodon end of a tRNA in the ternary
complex, suggesting that these factors bind and act at a
homologous site.
Startling progress recently has led to the solution of X-ray
structures of the ribosome that approach atomic resolu-
tion, yielding unprecedented views of its molecular com-
ponents [4–7]. Although even more detailed structures are
anticipated, a dynamic view of how these components
move and interact is essential for understanding transla-
tion. Cryo-electron microscopy readily explores the inter-
mediate functional steps in translation. In this approach,
different ribosomal complexes are formed in solution,
frozen and fixed on a grid for microscopy. Computer
reconstruction and a comparison of complexes identifies
















Minimal hybrid states model for the translational elongation cycle [1].
The 50S and 30S subunits are divided into three tRNA binding sites:
the A (aminoacyl), P (peptidyl) and E (exit) sites, shown as rectangles
[4]. tRNAs are represented as vertical bars and amino acids by small
colored circles. mRNA is represented as an orange line bound to the
30S subunit. The cartoon depicts the vectorial movement of the
acylated and deacylated tRNAs through the ribosome, catalyzed by
factors EF-Tu and EF-G during translation. Intermediate states (not
shown) have been proposed for the factor-dependent steps of
translation — decoding and translocation.
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either to added components — for example, to tRNA sub-
strates or various translational factors — or to structural
differences induced in the ribosome by such components.
Distinguishing between these possibilities is not always
straightforward, but in the ribosome field, where much is
already known, such analysis becomes tenable. 
The structure of the ribosome:EF-G complex during the
process of translocation has been visualized for the first
time in several recent cryo-electron microscopy studies
[8–10]. It is clear from these studies that both the
ribosome and EF-G undergo substantial rearrangements
during the process of tRNA translocation, and that there
exist multiple post-translocational ribosome conformers.
Translation is dynamic and trapping its intermediates is a
sophisticated game. In these studies, two different translo-
cation inhibitors, thiostrepton and fusidic acid, were used
to trap closely related intermediate states in the trans-
lational cycle for analysis by cryo-electron microscopy. 
Fusidic acid is an antibiotic that blocks release of the
EF-G:GDP complex from the ribosome, but does not
affect GTP hydrolysis or translocation. Thiostrepton is an
antibiotic that is thought to trap an intermediate state in
translocation preceding that frozen by fusidic acid. It
binds directly to 23S rRNA and does not interfere with
EF-G binding or with GTP hydrolysis, but prevents the
later steps of tRNA translocation and EF-G:GDP release
[11]. The distinctions between the different complexes
are important, because the order of the events of transloca-
tion — GTP hydrolysis, tRNA movement, phosphate and
EF-G:GDP release — is still actively debated [12]. Trap-
ping the intermediates of translation using antibiotic
inhibitors of the process depends on a precise understand-
ing of the role played by these antibiotics in translation.
And, even in these cases, the data should be interpreted
cautiously as these agents may disrupt the natural
sequence of events.
In several initial studies, fusidic acid was used to stabilize
the presumed final state in translocation preceding the
release of the EF-G:GDP complex from the ribosome — a
‘post-translocation’ ribosome, referred to below as the
‘post(fus)’ state [8,9]. The binding orientation of EF-G on
the ribosome in this complex was strikingly consistent
with that derived by directed hydroxyl radical probing
methods from a similar complex [13]. Domain IV, the
mimic of the tRNA anticodon, is buried deep in the 30S
subunit, apparently in contact with the decoding region of
16S rRNA and an arc-like connection is observed between
the base of the ‘L7/L12 stalk’ — where L7 and L12 are
proteins of the large, 50S subunit — and the G¢ domain of
EF-G. Structural contacts between EF-G and the ribo-
some in the stalk or ‘factor binding region’ are consistent
with biochemical data linking 23S rRNA and protein ele-
ments in this region to translocation.
Wintermeyer and colleagues [10] trapped novel inter-
mediate translocational ribosomal complexes by incubat-
ing a pre-translocation hybrid ribosomal complex —
carrying two tRNAs — and EF-G:GTP in the presence of
thiostrepton. Rapid freezing of the reaction stalls a
population of ‘pre-translocational’ (pre(thio)) ribosomal
complexes, and a longer incubation stalls a population of
‘post-translocational’ (post(thio)) complexes. Previous
kinetic analysis with thiostrepton indicated that the ‘pre-
translocational’ complex described here contains
EF-G:GDP [11]. Wintermeyer and colleagues [10] argue
that this pre-translocational complex represents a riboso-
mal state that directly precedes the transition state for
tRNA translocation, but is distinct from an early pre-
translocation state where GTP has not yet been
hydrolyzed. A ribosomal complex with EF-G:GDP and
fusidic acid was also generated in this study for compari-
son with earlier work.
The reconstructions of the ribosome revealed substantial
differences between these ‘pre-translocational’ and ‘post-
translocational’ complexes (Figure 3). In the pre(thio)
ribosomes, EF-G density clearly bridges the cleft between
the large and small subunits of the ribosome. Domain I of
EF-G, the GTPase domain, interacts extensively with the
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Figure 2
Molecular mimicry. Crystal structures of EF-Tu:GTP:Phe-tRNA ternary
complex and EF-G:GDP [3,14]. In both structures, domain I (the
GTPase domain) is shown in magenta, domain II in blue, and domain III
(incomplete in the EF-G structure) in green; domain IV of EF-G and the
tRNA of the ternary complex are shown in yellow; and domain V of
EF-G is shown in red. Bound nucleotide is shown in orange.
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base of the L7/L12 stalk of the large subunit, while
domain IV, the anticodon mimic, touches the shoulder of
the small subunit (where protein S4 has been localized).
In the post(thio) complex, EF-G itself has undergone sig-
nificant conformational changes and its interactions with
the ribosome are completely changed. Interactions with
the L7/L12 stalk are now minimal, and the body of EF-G
is submerged in the intersubunit cavity. Domain IV is
engaged with the decoding center of the small subunit,
and domains I and II form multiple contacts with the head
and body of the 30S subunit. 
Interestingly, this thiostrepton ‘post’ complex differs
significantly from the previously observed fusidic acid
‘post-translocational’ complex. In the latter complex,
domain IV of EF-G also interacts with the decoding
region of the small subunit (as mimicry dictates), but
much more of the factor’s density protrudes from the
intersubunit cavity. Further, in the post(fus) complex
there are now substantial contacts between domains I and
V of EF-G with electron density that is attributed to the
large subunit (in part with the sarcin ricin loop of 23S
rRNA). Indeed, the fusidic acid complex appears to be
trapped with EF-G exiting the subunit interface prior to
dissociation from the ribosome.
The conformation of EF-G itself appears to be distinct in
each complex (fitting of the EF-G crystal structure to the
observed electron density in each case was achieved by
rotating domains I and II of EF-G with respect to domains
III, IV and V). In no case does the conformation of
ribosome-bound EF-G match that of the known EF-G
crystal structure [14,15], revealing the limitations of our
current structural knowledge. Indeed, there is still no high
resolution structure of EF-G:GTP. The structures of ‘pre-
translocational’ and ‘post-translocational’ ribosomes indi-
cate that the ribosome structure changes substantially











Three-dimensional reconstructions of ribosomes complexed with EF-G,
and fitting of EF-G to density difference. In the upper panel, ribosomes
are depicted with the 30S subunit to the left and the 50S subunit to
the right. Density attributed to EF-G based on difference density is
shown in blue. Control, pre-translocation complex in the absence of
EF-G; pre(thio), pre-translocation complex with EF-G:GTP stalled early
with thiostrepton; post(thio), post-translocation complex with
EF-G:GDP stalled late with thiostrepton; post(fus), post-translocation
complex trapped with fusidic acid. Several morphological features are
indicated: L7/L12 stalk on the large subunit, and the shoulder, head
and body of the small subunit. In the lower panel, EF-G (color scheme
as in Figure 2) is fit to the observed density differences, allowing
movement of domains I/II with respect to domains III/IV/V. The
orientation of EF-G with respect to the ribosome is substantially
different in each case. Here the EF-G structures are aligned so that
domains I and II can be superimposed. Ribosome contacts are
indicated by open (30S) or closed (50S) arrowheads. Ribosome
density is marked with an asterisk. (Compiled from [10].)
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traversed by the tRNA substrates and translation factors.
Structural changes in the large subunit are subtle and are
limited to the L7/L12 stalk or ‘factor binding’ region. In
the small subunit, however, structural differences between
the pre(thio) and post(thio) states are observed in several
joint regions, including the neck (a thin element thought
to be formed by a single RNA helix), the outer junction of
the head and body, and the head at its connection with the
beak. The relative arrangements of the two subunits is
similar in the two states, though the A site side (near the
L7/L12 stalk) opens up by 5–10° in the ‘post’ complex. 
Previous cryo-electron microscopy studies of pre-trans-
locational and post-translocational ribosomes (where EF-G
is not bound) did not reveal such differences in the struc-
ture of the two subunits [16]. The suggestion is that the
‘pre-translocational’ state observed here is a first glance at
an intermediate state in translocation — with intermediate
structural properties. It will be interesting to determine
whether the structural transitions observed here are analo-
gous to those recently observed in ribosomes that are
locked into phenotypically distinct conformers — the low
translational fidelity ‘ram’ and high fidelity ‘restrictive’
conformers — associated with the ‘912 switch region’ of
16S rRNA [17].
The molecular components of the ribosome involved in
translocation are not well characterized (reviewed in [18]).
Several elements of the large subunit of the ribosome are
known to be critical for translocation, including the sarcin-
ricin loop and the 1070 region of the 23S rRNA, and the
proteins located in the stalk region (L7, L12 and L11).
There are also data linking elements in the small subunit
to translocation. Logically, the hybrid (A/P) tRNA and its
interactions with the small subunit A site decoding region
are at the heart of translocation — the interaction of the
tRNA with its codon in the mRNA is centrally responsible
for the maintenance of the reading frame during transla-
tion. An important clue might also be found in early
experiments demonstrating that ribosomes lacking the
small subunit protein S12 (or having a chemically modi-
fied version of S12) exhibit enhanced levels of sponta-
neous translocation [2]. Movements of the recently
identified ‘helical switch’ region of 16S rRNA, genetically
interactive with both the S5 and S12 proteins of the small
subunit, may also be critical [19].
EF-G is a member of the well-studied family of GTP-
binding proteins which use the energy of GTP hydrolysis
to induce conformational changes that modulate binding
affinities for effector molecules, in this case the ribosome
(reviewed in [20]). In classical models for translocation,
EF-G:GTP first binds the ribosome, translocation occurs
and subsequent GTP hydrolysis — stimulated by the
ribosomal effector — results in conformational changes
leading to release of EF-G:GDP from the ribosome.
However, recent rapid kinetic data indicate that GTP
hydrolysis precedes translocation, suggesting that the
energy of GTP hydrolysis is coupled to this event [21].
What such coupling might mean in molecular terms is not
yet fully resolved. 
At its simplest level, translocation should be considered
from a chemical perspective. Brownian motion is responsi-
ble for the sampling by the ribosome of different confor-
mational states. The pathways to various states are more or
less energetically accessible, and so such states are differ-
entially occupied. EF-G alters the equilibria of different
ribosomal states by binding and stabilizing particular
conformations. While the details of EF-G catalyzed
translocation are actively debated, the following model is
broadly consistent with what is currently known. EF-G
binds to the ribosome and GTP hydrolysis is stimulated,
establishing a tight complex between the ribosome and
EF-G. In this complex, conformational changes in EF-G
are coupled to changes in ribosomal conformational equi-
libria, leading first to translocation and then to EF-G
release. Somehow, the binding of EF-G to the ribosome
allows the energy of GTP hydrolysis to be captured and
used in multiple steps. The cryo-electron microscopy
images discussed here provide us with snapshots of three
of these conformational steps [8–10]. As more snapshots of
the translational cycle are taken, and as the kinetics and
thermodynamics of these steps are described, we may
finally understand how the energy of hydrolysis is used by
the ribosome to promote the ratcheting directional move-
ments central to translation. 
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